Adhesive bonding is increasingly being incorporated into civil engineering applications. Recently, the use of structural adhesives in steel-concrete composite systems is of particular interest. The aim of the study is an experimental investigation of the damage assessment of the connection between steel and concrete during mechanical degradation. Nine specimens consisted of a concrete cube and two adhesively bonded steel plates were examined. The inspection was based on the ultrasound monitoring during push-out tests. Ultrasonic waves were excited and registered by means of piezoelectric transducers every two seconds until the specimen failure. To determine the slip between the steel and concrete a photogrammetric method was applied. The procedure of damage evaluation is based on the monitoring of the changes in the amplitude and phase shift of signals measured during subsequent phases of degradation. To quantify discrepancies between the reference signal and other registered signals, the Sprague and Gears metric was applied. The results showed the possibilities and limitations of the proposed approach in diagnostics of adhesive connections between steel and concrete depending on the failure modes.
Introduction
Adhesive structural bonding is widely used in mechanical and aerospace industries [1] . In recent years, there has also been a growing interest in the use of the adhesive connections in the building industry [2] . In civil engineering structures, some applications of structural adhesives are of particular importance, such as the strengthening of existing concrete members [3, 4] , hybrid composite-concrete beams [5] or adhesive anchors [6] . A relatively new idea is the use of structural adhesives as shear connectors in steel-concrete composite beams (e.g., [7] [8] [9] ). The shear strength of adhesive joints in steel-concrete composite systems has been evaluated by many researchers (e.g., Gemert [10] , Barnes & Mays [11] , Nehdi et al. [12] , Si Larbi et al. [13] , Berthet et al. [14] , Jurkiewiez et al. [9] , Helincks et al. [15] , Meaud et al. [16] , Zhan et al. [17] ).
With the increasing use of adhesive connections, there is a need to develop methods of non-destructive evaluation and damage detection at an early stage of degradation. One of the most efficient techniques to characterize a contact between connected components is a method utilizing the phenomenon of elastic wave propagation. Ultrasonic waves have been successfully used in the evaluation of bolted connections between metal elements [18] [19] [20] , adhesive connections between metal elements [21] [22] [23] or adhesive connection between concrete substrate and repair materials [24] [25] [26] . Recently, studies of damage evaluation based on the concept of ultrasound monitoring have been reported The examples of their application include monitoring of damage in concrete samples [27] , reinforced concrete beams [28] [29] [30] or in an adhesive lap joint of metal elements [31] . However, the literature on the inspection of steel-concrete adhesive joints using ultrasonic waves is limited. Only two recent papers [32, 33] concern the problem of diagnostics of interface bonding between steel and concrete. In addition, in both of them, steel-concrete specimens with artificially introduced debonding were investigated and no external load was considered. To the best of the author's knowledge, there is no research on the non-destructive testing of steel-concrete adhesive connections during mechanical degradation.
The study presents a novel approach to the failure monitoring and condition assessment of the adhesive connection between steel and concrete. Experimental investigations are performed on nine push-out specimens consisting of a concrete cube with two adhesively bonded steel plates. The diagnostic procedure uses wave propagation signals registered during mechanical degradation and damage indices based on the Sprague and Gears metric. The influence of different failure modes on obtained results is analyzed.
Materials and Methods

Test Specimens
Nine steel-concrete specimens (#1 to #9) were tested in this study. Each push-out specimen consisted of two steel plates and a concrete cube ( Figure 1 ). The plates of dimensions 6 × 100 × 100 mm 3 were made of structural steel S235. The cube of dimensions 100 × 100 × 100 mm 3 was made of concrete including the following ingredients: Portland cement type CEM I 42.5R (325 kg/m 3 ), sand 0-2 mm (764 kg/m 3 ), fine aggregate 2-8 mm (573 kg/m 3 ), coarse aggregate 8-16 mm (573 kg/m 3 ) and water (175 kg/m 3 ). The adhesive connection at the steel-concrete interface was made with the use of high-strength, two-component structural epoxy paste adhesive SIKADUR 30. The bonded area was 100 mm × 90 mm on each surface of the concrete cube and the lap-joint thickness was about 1 mm. reported The examples of their application include monitoring of damage in concrete samples [27] , reinforced concrete beams [28] [29] [30] or in an adhesive lap joint of metal elements [31] . However, the literature on the inspection of steel-concrete adhesive joints using ultrasonic waves is limited. Only two recent papers [32, 33] concern the problem of diagnostics of interface bonding between steel and concrete. In addition, in both of them, steel-concrete specimens with artificially introduced debonding were investigated and no external load was considered. To the best of the author's knowledge, there is no research on the non-destructive testing of steel-concrete adhesive connections during mechanical degradation.
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Test Specimens
Nine steel-concrete specimens (#1 to #9) were tested in this study. Each push-out specimen consisted of two steel plates and a concrete cube ( Figure 1 ). The plates of dimensions 6 × 100 × 100 mm 3 were made of structural steel S235. The cube of dimensions 100 × 100 × 100 mm 3 was made of concrete including the following ingredients: Portland cement type CEM I 42.5R (325 kg/m 3 ), sand 0-2 mm (764 kg/m 3 ), fine aggregate 2-8 mm (573 kg/m 3 ), coarse aggregate 8-16 mm (573 kg/m 3 ) and water (175 kg/m 3 ). The adhesive connection at the steel-concrete interface was made with the use of highstrength, two-component structural epoxy paste adhesive SIKADUR 30. The bonded area was 100 mm × 90 mm on each surface of the concrete cube and the lap-joint thickness was about 1 mm. 
Experimental Procedure
Experimental procedure included simultaneous push-out and wave propagation testing. Pushout tests were performed in the testing machine Zwick Z400 equipped with a compression test kit. The force and the displacement of the cross-head were recorded. The preload applied to the specimen was equal to 100 N. Then, each steel-concrete specimen was loaded with the speed of the crosshead of 0.1 mm/min up to the failure. Additionally, photographs were taken every 2 s on the front side of the specimen by the Canon EOS 5D III digital camera to observe the damage evolution and to determine the slip between steel and concrete. At each specimen, 10 pairs of magenta points with a diameter of 4 mm were attached at five levels (levels I to V, as indicated in Figure 2 ).
During the mechanical degradation in the testing machine, ultrasonic waves were induced and acquired every 2 s, until the specimen failure. Figure 3 shows the experimental setup. Three multilayer 
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Data Processing for Slip Measurements
The interface slip between the steel plate and concrete cube was determined using a photogrammetric technique (c.f. [34] ). The digital RGB photograph ( Figure 5a ) was transformed into the CMYK space according to the formula
where colors are marked as follows: c-cyan, m-magenta, y-yellow, k-black, r-red, g-green, b-blue. From the CMYK space, a component connected with magenta color was chosen for further processing (Figure 5b ) in which the photograph was converted into a binary image with a threshold of 0.25 (Figure 5c ). Then, for given points, the centers of gravity were calculated and the interface slips in x and y directions were determined at five levels (levels I to V). 
Data Processing for Damage Assessment
Ultrasonic signals were registered automatically in the monitoring mode. The first signal was registered at the beginning of the push-out test, i.e., for the force equal to 100 N. This signal was next considered as a reference signal. All other signals were considered as signals relating to successive 
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Ultrasonic signals were registered automatically in the monitoring mode. The first signal was registered at the beginning of the push-out test, i.e., for the force equal to 100 N. This signal was next Downloaded from mostwiedzy.pl considered as a reference signal. All other signals were considered as signals relating to successive states of mechanical degradation. The idea of the evaluation of damage growth proposed in this study is to monitor the changes in amplitude and phase shift of signals measured during subsequent phases of degradation of the adhesive joint. To quantify the agreement between two signals, the Sprague and Gears (S&G) metric was applied [35] [36] [37] . Originally, this metric was developed for comparing measured and calculated transient response histories. In the present study, the Sprague and Gears metric was applied to quantify discrepancies between the reference signal and other registered signals.
The S&G metric considers both the magnitude and the phase shift aspects. The magnitude error factor (M-error) and the phase error factor (P-error) are given by the following relations [35] [36] [37] 
where
In Equation (4), r(t) denotes a reference signal and m(t) is a signal acquired during the monitoring of damage growth. For discretized time histories, the time integrals (4) can be calculated as
where r i and m i are the discretized values of signals r(t) and m(t), respectively and N denotes the number of samples. The characteristic features of both M and P factors are that the magnitude error is insensitive to phase discrepancies and the phase error is insensitive to magnitude discrepancies. The comprehensive error (C-error) is defined as
and it represents both the magnitude and phase errors.
Results and Discussion
Push-out Tests and Failure Modes
Figures 6 and 7 illustrate all push-out specimens after failure. The specimens were divided into two sets according to observed failure modes. Mode I (specimens #1-#3) was an adhesive-type failure occurring at the interface between the steel plate and the adhesive layer. No damage was observed in the concrete cube. The entire adhesive layer remained on the concrete. Mode II (specimens #4-#10) included a cohesive-type failure or mixed cohesive-adhesive failure. In mode II, three sub-groups were distinguished: mode IIa (specimens #4-#6), mode IIb (specimen #7) and mode IIc (specimens #9-#10). The damage in modes IIa and IIb included two phases. In the first phase, the damage was mainly cohesive with a failure in the bulk of the concrete cube. The second phase was a separation of the steel plate from the concrete. In mode IIa, a single diagonal crack originated from the interface between steel and concrete, and then the cohesive (specimen #6) or mixed cohesive-adhesive failure (specimens #4, #5) occurred in the bulk of the adhesive layer. In mode IIb, a crack appeared in the middle of the concrete cube and then the adhesive failure occurred. The failure in mode IIc was cohesive (specimen #8) and mixed adhesive-cohesive (specimen #9) with a separation in the bulk of the adhesive layer. Figure 8 shows the force-displacement curves for all tested specimens. In mode I, the shape of curves for each specimen is similar. The sudden drop of the force at the moment of the adhesive failure can be observed. The maximum force was 47.4 kN (specimen #1), 49.2 kN (specimen #2) and Figure 8 shows the force-displacement curves for all tested specimens. In mode I, the shape of curves for each specimen is similar. The sudden drop of the force at the moment of the adhesive failure can be observed. The maximum force was 47.4 kN (specimen #1), 49.2 kN (specimen #2) and Figure 8 shows the force-displacement curves for all tested specimens. In mode I, the shape of curves for each specimen is similar. The sudden drop of the force at the moment of the adhesive failure can be observed. The maximum force was 47.4 kN (specimen #1), 49.2 kN (specimen #2) and 47.6 kN (specimen #3). The curves for the specimen failures categorized as modes IIa and IIb exhibited two drops of the force. The first drop is associated with the appearance of the crack in the concrete, Downloaded from mostwiedzy.pl while the second is associated with the separation of the steel plate. In the case of specimens with diagonal cracks, the maximum force was 54.6 kN (specimen #4), 59.2 kN (specimen #5), 58.5 kN (specimen #6). For the specimen with the crack in the middle of the concrete cube (specimen #7), the maximum force was 72.3 kN. The last two curves corresponding to mode IIc are characterized by the sudden drop of the force at the moment of the cohesive or mixed adhesive-cohesive failure. The maximum force was 82.5 kN (specimen #8) and 86.1 kN (specimen #9).
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). The curves for the specimen failures categorized as modes IIa and IIb exhibited two drops of the force. The first drop is associated with the appearance of the crack in the concrete, while the second is associated with the separation of the steel plate. In the case of specimens with diagonal cracks, the maximum force was 54.6 kN (specimen #4), 59.2 kN (specimen #5), 58.5 kN (specimen #6). For the specimen with the crack in the middle of the concrete cube (specimen #7), the maximum force was 72.3 kN. The last two curves corresponding to mode IIc are characterized by the sudden drop of the force at the moment of the cohesive or mixed adhesive-cohesive failure. The maximum force was 82.5 kN (specimen #8) and 86.1 kN (specimen #9). Results of the interface slip between the steel and concrete in both vertical and horizontal directions are presented in Figure 9 . For each specimen, the slip values are given for this interface at which the failure occurred (i.e., the right interface for specimens #1, #2, #6 and the left interface for specimens #3, #4, #5, #7, #8, #9). The moment of initiation of the crack in the concrete cube was indicated by the dashed lines (specimens #4-#7). In the case of the adhesive or mixed adhesivecohesive failure, the measured slip varied around zero almost to the end of the degradation process. For specimens #2, #3 and #9, the monotonic increase of the slip was observed at the end of the test. The maximum values of the slip for the specimens representing mode I and mode IIc was about 0.05 mm. In the case of specimens with the cohesive failure in the bulk of the concrete cube, a sudden increase of the slip was observed in specimens #4, #5 and #7. A different behavior can be seen for specimen #6 for which the monotonic increase occurred after the cracking of concrete cube. The maximum values of the slip for specimens representing modes IIa and IIc were about 0.4 mm. Results of the interface slip between the steel and concrete in both vertical and horizontal directions are presented in Figure 9 . For each specimen, the slip values are given for this interface at which the failure occurred (i.e., the right interface for specimens #1, #2, #6 and the left interface for specimens #3, #4, #5, #7, #8, #9). The moment of initiation of the crack in the concrete cube was indicated by the dashed lines (specimens #4-#7). In the case of the adhesive or mixed adhesive-cohesive failure, the measured slip varied around zero almost to the end of the degradation process. For specimens #2, #3 and #9, the monotonic increase of the slip was observed at the end of the test. The maximum values of the slip for the specimens representing mode I and mode IIc was about 0.05 mm. In the case of specimens with the cohesive failure in the bulk of the concrete cube, a sudden increase of the slip was observed in specimens #4, #5 and #7. A different behavior can be seen for specimen #6 for which the monotonic increase occurred after the cracking of concrete cube. The maximum values of the slip for specimens representing modes IIa and IIc were about 0.4 mm. Downloaded from mostwiedzy.pl Figure 9 . Interface slip between steel and concrete for tested push-out specimens (#1-#9).
Ultrasonic Tests
The ultrasonic waves were registered automatically every 2 seconds during push-out testing. All signals acquired by sensor S2 for specimens #1 to #9 are illustrated in Figure 10 . Only an initial part of the signal with a length of 0.1 ms was analyzed to reduce the influence of interactions of waves with the compression test kit of the testing machine. The reference signal, i.e., the signal registered at the beginning of the push-out test is marked in black and the last acquired signal is marked in red. For specimens #1-#3, representing the adhesive-type failure (mode I), signals relating to successive states of mechanical degradation are similar and no significant changes in the magnitude or phase can be observed. In the case of push-out specimens #4-#10, for which the cohesive or mixed adhesivecohesive failure occurred (mode II), experimental waveforms changed considerably during mechanical degradation. 
The ultrasonic waves were registered automatically every 2 seconds during push-out testing. All signals acquired by sensor S2 for specimens #1 to #9 are illustrated in Figure 10 . Only an initial part of the signal with a length of 0.1 ms was analyzed to reduce the influence of interactions of waves with the compression test kit of the testing machine. The reference signal, i.e., the signal registered at the beginning of the push-out test is marked in black and the last acquired signal is marked in red. For specimens #1-#3, representing the adhesive-type failure (mode I), signals relating to successive states of mechanical degradation are similar and no significant changes in the magnitude or phase can be observed. In the case of push-out specimens #4-#10, for which the cohesive or mixed adhesive-cohesive failure occurred (mode II), experimental waveforms changed considerably during mechanical degradation. Downloaded from mostwiedzy.pl Figure 10 . Wave propagation signals registered during monitoring of steel-concrete push-out specimens (#1-#9); the first signal (reference) is given in black, the last registered signal in given in red, all other signals are given in grey.
The results of applying the Sprague and Geers metric to all signals registered during the monitoring of the push-out test are presented in Figure 11 . For clarity of observation, the load-time curves were provided for each specimen. Additionally, for specimens #4-#7, red dashed lines were drawn at the moment of initiation of the crack in the concrete cube. The S&G metric expresses the difference between the reference signal and the other signals registered during the push-out test. The error measures can range from 0 to 1 or more. The perfect agreement of time histories results in a zero value of the error measures, while the value of unity indicates a difference of 100%. The value of the P-error is always positive while the value of the M-error can be positive or negative, depending on whether the monitored signal has higher or lower amplitude than the reference signal. At the beginning of the process, the P-error fluctuated around the value of about 5% and the M-error around the value of about 0%. These values resulted from the presence of measuring noise in the subsequently triggered measuring signals.
Considering the specimens with the adhesive-type damage (the first row in Figure 11 ), all error measures are rather constant during the entire push-out test. A slight increase in the P-error value was observed for specimen #6; however, based on these errors it was not possible to detect incoming damage before the failure.
The second group are specimens belonging to failure modes IIa and IIb, for which the separation between the steel plate and concrete was preceded by the cracking of concrete. For specimens #4, #5 and #6, the increase in the P-error can be observed before the initiation of the diagonal cracks. This increase was quite sudden for specimen #5, but for specimens #4 and #6 it was gradual signaling incoming damage. Moreover, for specimen #6, the M-error gradually decreased before the initiation of the diagonal cracks. In the case of specimen #7, for which the crack appeared in the middle of the concrete cube, the gradual increase of the P-error and the decrease in the M-error can be seen, enabling detection of the micro-crack zones in the concrete long before the appearance of the macrocrack.
The last two specimens represented the failure of mode IIc. For the specimen #8, the detection of the cohesive failure was possible based on both the M and P-errors. In the case of specimen #9, the gradual increase of the P-error was observed (similarly as for specimen #2) indicating the increase in the load but not the appearance of the failure. This was because, the failure of specimen #9 was mainly adhesive, with a small area at which the cohesive failure occurred.
As a damage indicator, the C-error is proposed because it contains both the magnitude and phase errors. For each specimen, two horizontal lines were drawn in the plots of the comprehensive error ( Figure 11 ). The first line is a mean of the 100 first values of the C-error and it determines a baseline. The second line is the baseline multiplied by a coefficient and it represents the state of possible damage. In this study, the value of the coefficient was set a priori as 3, however, in potential applications of structural monitoring, it should be verified based on comprehensive experimental data. Based on the indicator, it was not possible to recognize the upcoming separation between steel and concrete in any specimen with the adhesive failure (specimens #1-#3). In the case of specimens Figure 10 . Wave propagation signals registered during monitoring of steel-concrete push-out specimens (#1-#9); the first signal (reference) is given in black, the last registered signal in given in red, all other signals are given in grey.
The second group are specimens belonging to failure modes IIa and IIb, for which the separation between the steel plate and concrete was preceded by the cracking of concrete. For specimens #4, #5 and #6, the increase in the P-error can be observed before the initiation of the diagonal cracks. This increase was quite sudden for specimen #5, but for specimens #4 and #6 it was gradual signaling incoming damage. Moreover, for specimen #6, the M-error gradually decreased before the initiation of the diagonal cracks. In the case of specimen #7, for which the crack appeared in the middle of the concrete cube, the gradual increase of the P-error and the decrease in the M-error can be seen, enabling detection of the micro-crack zones in the concrete long before the appearance of the macro-crack.
As a damage indicator, the C-error is proposed because it contains both the magnitude and phase errors. For each specimen, two horizontal lines were drawn in the plots of the comprehensive error ( Figure 11 ). The first line is a mean of the 100 first values of the C-error and it determines a baseline. The second line is the baseline multiplied by a coefficient and it represents the state of possible damage. In this study, the value of the coefficient was set a priori as 3, however, in potential applications of structural monitoring, it should be verified based on comprehensive experimental data. Based on the indicator, it was not possible to recognize the upcoming separation between steel and concrete in any specimen with the adhesive failure (specimens #1-#3). In the case of specimens exhibiting the cohesive Downloaded from mostwiedzy.pl or mixed adhesive-cohesive failure, the gradual increase of the C-error enabled earlier detection of potential damage. exhibiting the cohesive or mixed adhesive-cohesive failure, the gradual increase of the C-error enabled earlier detection of potential damage. Figure 11 . S&G metric errors (magnitude error M, phase error P, comprehensive error C) during subsequent phases of degradation of push-out specimens (#1-#9). Figure 11 . S&G metric errors (magnitude error M, phase error P, comprehensive error C) during subsequent phases of degradation of push-out specimens (#1-#9).
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Conclusions
This paper presents the investigation on the possibility of damage assessment and monitoring at adhesively bonded interfaces between steel and concrete. The ultrasonic tests were carried out on steel-concrete specimens subjected to push-out loading. The idea of the procedure was to monitor the changes in the amplitude and phase shift of signals measured during subsequent phases of degradation of the adhesive joint. To quantify discrepancies between the reference signal and other registered signals, the damage indicator based on the C-error of the Sprague and Gears metric was proposed. The damage assessment procedure was compared with results of the monitoring of the interface slip.
The tested specimens revealed three types of failure mechanisms, namely, the adhesive, cohesive and mixed adhesive-cohesive failure. The adhesive failure occurred in a sudden manner and detection of damage before the complete separation of steel and concrete was not possible based on ultrasound monitoring. In the other cases of failure modes, i.e., the cohesive and mixed adhesive-cohesive failure, the proposed damage indicator enabled detection of potential damage. The gradual increase of the C-error was observed before the initiation of cracks in the bulk of the adhesive layer or in the bulk of the concrete cube.
The monitoring of the interface slip revealed sudden increases of its value in the case of specimens with the cohesive failure preventing earlier detection of damage. For specimen with the adhesive or mixed adhesive-cohesive failure, the gradual increase in the slip value at the final stage of the test may indicate approached failure. However, in some specimens, no increase of the slip was observed. A possible application of the interface slip monitoring in the case of the adhesive-type failure should be tested in a larger number of cases.
The results showed the possibilities and limitations of the proposed approach in diagnostics of adhesive connections between steel and concrete depending on the failure modes. The conducted research should be considered as an initial step for further analyses related to the condition assessment of adhesively bonded shear connectors.
